Methicillin resistance in Staphylococcus aureus has been associated with alterations in the penicillinbinding proteins (PBPs). An intriguing property of all methicillin-resistant staphylococci is the dependence of resistance on the pH value of the growth medium. Growth of such bacteria at pH 5.2 completely suppressed the expression of methicillin resistance. We have examined the PBP patterns of methicillinresistant staphylococci grown at pH 7.0. We detected a high-molecular-weight PBP (PBP-2a; approximate size, 78,000 daltons) that was only present in the resistant bacteria but not in the isogenic sensitive strain. In cultures grown at pH 5.2, the extra PBP was not detectable.
Intrinsic beta-lactam resistance associated with penicillinbinding protein (PBP) alterations appears to be a newly recognized mechanism present in both laboratory and clinical isolates of resistant strains in a variety of different bacteria (3, 5, 7, 12, 19, 21) . The mechanism of resistance appears to be due to an alteration in the target proteins (PBPs) either in their electrophoretic patterns (8) or in their affinities for the beta-lactam antibiotics (2, (8) (9) (10) . In at least some cases, it was possible to demonstrate by genetic techniques that the observed PBP alterations were causally related to the decreased susceptibility of the bacteria to the antibiotic (3, 5, 21) . This is particularly important for methicillin-resistant Staphylococcus aureus strains, since they have become important nosocomial and community-acquired infectious agents (4, 17, 20) .
A peculiar property of methicillin-resistant staphylococci is the rapid loss of phenotypic resistance by a shift of the pH value of the culture medium from the physiological pH value of 7.0 to pH 5.2 (15, 16) . This pH-dependent drop in the MIC appears to be shared by all methicillin-resistant strains (see Table 1 ). The mechanism of this phenomenon is unknown. In a previous study (9) , we demonstrated that resistant strains grown at both pH 7.0 and 5.2 had the same binding pattern of the high-molecular-weight PBPs 1, 2, and 3.
In this communication, we examined the PBPs of a pair of isogenic methicillin-resistant and methicillin-sensitive S. aureus strains as well as a resistant clinical isolate. With improvements in our PBP binding and electrophoretic technique, we could demonstrate the presence of an additional PBP with a low affinity for beta-lactam antibiotics in cultures grown at pH 7.0. No such extra band was observable in the isogenic sensitive strain. Labeling of the PBPs in live growing bacteria indicated that saturation of the extra band (PBP2a) required penicillin and methicillin concentrations in the vicinity of the MIC for these antibiotics, whereas all other PBPs could be saturated below the MIC.
We also applied our PBP binding and gel system to the reexamination of the PBPs of the same isogenic pair of methicillin-resistant and methicillin-sensitive S. aureus strains grown at either pH 7.0 (allowing expression of resistance) or pH 5.2 (at which the bacteria are phenotypically sensitive to beta-lactams). It was found that the low
MATERIALS AND METHODS
Bacteria. An isogenic pair of strains 27 (13) . incubated at 37°C for another 30 min. After the addition of 25 ,u of sample dilution buffer (3), the entire sample was boiled again for 2 min.
In one type of experiment, the methicillin and [3H]benzylpenicillin (at a constant concentration of 10 ,ug/ml) were added simultaneously to the bacteria, and incubation was for 10 min. In a second type of experiment (sequential competition) the bacterial sample was preincubated with the methicillin for 10 min, followed by the addition of [3H]benzylpenicillin (10 jig/ml) and an additional 10-min incubation. In both methods the samples were boiled, and the next procedure was followed as above.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (11) was done with a 10% acrylamide-0.13% bis-acrylamide concentration in the running gel measuring 13 by 18 cm. The stacking gel was composed of 5% acrylamide and 0.07% bisacrylamide. Samples were added to the gel lanes and run through the stacking gel at 75 mV and through the running gel at 120 mV. The samples were run for 45 to 60 min after the leading edge had passed the bottom of the running gel (total time through the running gel, ca. 4 h).
The gels were stained with Coomassie brilliant blue (6) and destained overnight with methanol-acetic acid-water (30:5:65%). The gels were processed by first removing the water by two 30-min soaks in dimethyl sulfoxide, followed by a 2-h soak in a 20% (wt/vol) solution of the scintillator PPO (2,5-diphenyloxazole) in dimethyl sulfoxide. The gels were then rehydrated in 1% glycerol solution in water for 45 to 60 min, dried thoroughly, and exposed to a Kodak X-OMAT XAR-2 film for 3 to 14 days at -70°C (1) .
Assay for penicillinase. The presence of penicillinase was assayed with Nitrocefin (Glaxo Research Ltd., Greenford, Middlesex, England) (13) . RESULTS 27R, both grown at pH 7.0. Exposure of the preparations to a range of [3H]benzylpenicillin concentrations (0.01 to 1.0 P,g/ ml) revealed a rather similar band pattern. However, exposure to higher concentrations of the antibiotic (2 to 20 ,ug/ml) resulted in the appearance of an extra radioactive band (PBP-2a) in the methicillin-resistant strain. This PBP-2a ran slightly ahead of PBP-2 with an approximate molecular weight of 78,000. No PBP with similar mobility was observed in either strain 27 or in a second penicillin-sensitive control strain 209-P (data not shown). The detection of PBP2a required exposure to a minimum concentration of 2 to 5 p.g of penicillin per ml. This is close to the MIC for the resistant strain 27R (Table 1 ).
An extra PBP, indistinguishable from PBP-2a, was also detectable in strain Col, a naturally occurring clinical isolate (Fig. 2) .
The low affinity of PBP-2a to methicillin could be demonstrated by competition experiments at pH 7.0 (Fig. 2) . Exposure of the methicillin-resistant Col strain to various concentrations of methicillin 10 min before the addition of 10 ,pg of [3H]benzylpenicillin per ml resulted in a titration profile in which the familiar PBPs (1 and 3) were completely saturated by 50 ,ug of methicillin per ml; PBP-2 required 100 to 600 ,ug of methicillin per ml to achieve similar saturation. However, binding of PBP-2a required still higher concentrations, in the range of 1,000 ,ug of methicillin per ml. Virtually identical results were obtained with the methicillin-resistant transductant strain 27R (data not shown).
The low affinity of PBP-2a for methicillin could also be demonstrated in simultaneous competition experiments (Fig.  3 ) in which resistant strain 27R was exposed simultaneously to methicillin (at various concentrations) plus [3H]benzylpenicillin. In this case, saturation of PBP-2a occurred at or above the MIC (625 ,ug/ml) of the organism for the antibiotic. A comparison of Fig. 3 with Fig. 2 indicates that in the simultaneous competition experiment, substantially higher concentrations of methicillin (up to 600 ,ug/ml) were also needed for the saturation of PBPs 1, 2, and 3 than were (Fig. 2 and data not shown). Similar results have already been described (9) .
The visualization of PBP-2a made it necessary to use high concentrations of radioactive penicillin which, in turn, has led to the appearance of increased background radioactivity. Similar situations have also been noted with other bacterial species (18) . The extra bands detectable at high penicillin concentrations represent, presumably, nonspecific (nonenzymatic) binding of the antibiotic. This is supported by the observation that in the methicillin competition experiments (see, e.g., Fig. 2 ) the intensity of background bands did not decrease in contrast to the behavior of the true PBPs. Figure 4 shows the PBP profiles of methicillin-sensitive strain 27 and its isogenic transductant 27R grown at pH 5.2. Examination of the fluorogram indicates the similarity of PBP patterns and the absence of PBP-2a from among the PBPs of strain 27R. By comparing Fig. 1 with Fig. 4 (Fig. 5) . At pH 7, all the other high-molecular-weight PBPs (1, 2, and 3) were saturated below 100 xg of methicillin per ml. In the cultures grown at pH 5.2, PBP-2a was not detectable, and the other three high-molecular-weight PBPs were saturated below a concentration of 100 .g of methicillin per ml. DISCUSSION Previous work with the PBPs of methicillin-resistant staphylococcal strains has resulted in the description of a variety of PBP alterations associated with resistance to betalactam antibiotics. Brown and Reynolds compared the PBPs of a resistant and a sensitive strain (2). They reported both a normal PBP pattern and a high beta-lactam affinity in the PBPs of both strains, with the exception of PBP-3 which, in the resistant strain, appeared to have lower affinity for penicillin and other beta-lactam antibiotics. In addition, under growth conditions in which the resistant strain could express its methicillin resistance (growth at 30°C), a protein with an electrophoretic mobility similar to PBP-3 appeared, and a corresponding heavy band appeared on the Coomassie brilliant blue-stained gel. These authors suggested that in [3H]benzylpenicillin (10 ,ug/ml) was added simultaneously with the methicillin (simultaneous competition). their strains, resistance may result from either an increased amount of PBP-3 or the presence of a new low affinity PBP with a molecular weight identical to PBP-3.
Georgopapadakou et al. (8) reported that PBP-3 may be missing (or present with a reduced binding affinity) in a cephradine-resistant clinical isolate of S. aureus. This isolate also appeared to have an increased concentration of a low affinity PBP-2, as well as a satellite band (PBP-2') with an approximate molecular weight of 78,000. These authors suggested that antibiotic resistance was related to poor binding to PBP-2. PBP-2' did not show decreased affinity for cephradine and other relevant cephalosporins. This strain had relatively low MICs for methicillin and many other betalactam antibiotics and thus may not be directly comparable to methicillin-resistant strains studied by others (2, 9, 10). In addition, the strains compared were not isogenic.
Hayes et al. (10), studying another methicillin-resistant clinical strain, showed that PBP-3 had relatively low affinities for beta-lactam antibiotics which were consistent with the respective MICs. As a comparison, nonisogenic methicillin-sensitive strain H was used.
Utsui We compared a methicillin-sensitive strain of S. aureus to its isogenic methicillin-resistant transductant. In contrast to previous studies, we used labeling of PBPs by live growing bacteria. This method should allow a more appropriate comparison of PBP saturation with the MIC than a method with membrane preparations. None of the strains had detectable P-lactamase activity. The comparison of the penicillin titration profiles of the two strains indicated minor differences in the quantity (or affinities?) of PBPs 1, 3, and 4 (more in the sensitive strain) and a possible minor difference in the electrophoretic mobilities of PBP-2 (slightly slower mobility in the sensitive strain). However, the major difference between the PBP patterns of the two strains was only detectable at high concentrations of penicillin. At these higher concentrations, only the resistant strains showed an extra PBP (PBP-2a) running between PBP-2 and -3 at pH 7.0. An indication of the existence of PBP-2a is seen in the fluorograms published in our earlier communication (see Fig. 8, in reference 9) . However, the complete separation of this PBP from PBP-2 required the improved technique used in the present work. This PBP-2a was also detected in a methicillin-resistant clinical isolate (strain Col) which had no beta-lactamase activity.
The competition experiments with methicillin indicated that PBP-2a had a low affinity for methicillin. The fact that the concentrations of both benzylpenicillin and methicillin needed to achieve saturation of this PBP were close to the biologically effective concentrations (MICs) suggests that the beta-lactam resistance in these strains may be related to the acquisition of this low-affinity protein. This additional PBP may allow continued cell wall synthesis in the presence of antibiotics in the medium at elevated concentrations such that the other PBPs would be inactivated. This suggestion is similar to the one already proposed by Fontana et al. (7) for the possible function of low-affinity binding protein 5 detectable in the beta-lactam-resistant strains of Streptococcus faecalis and Streptococcus faecium.
The inability of methicillin-resistant staphylococci to express their antibiotic resistance when grown at low pH (5.2) is a general property of all resistant isolates. In an earlier report (9) we noted that there were no significant changes in the molecular weight and drug affinities of the three highmolecular-weight PBPs when the cultures were grown at either pH 7.0 or 5.2. We report now the resolution and separation of an additional PBP (PBP-2a) present in cultures grown at pH 7.0 but not in cultures grown at pH 5.2. This correlates well with the expression of resistance at the two pH values.
One would expect that the bacterial cell wall synthesis catalyzed in growing bacteria by a normal complement of PBPs at pH 7.0 would be slowed or altered in the presence of high concentrations (sub-MIC) of beta-lactams, since only PBP-2a would be available for the catalysis of the cell wall synthetic reactions. It is likely that cell wall synthesized under these conditions would have abnormal structure. We are presently investigating these possibilities. Further experiments will also be needed to determine whether the disappearance of PBP-2a at pH 5.2 is due to its instability, nonfunctioning state, or inhibition of the biosynthesis of this protein in low pH cultures.
